11. The critical density was determined by simultaneous measurement on the same device, with the same technique as in (4 18. An electron crystal, which is suggested by several theories (19) (20) (21) (22) (23) ) to appear at the MIT, might produce both continuos and discrete behaviors. Generally, the crystal deforms continuously to screen an external potential, producing a continuous response. However, occasionally, electrons collectively reorganize around pinning centers (24), causing an abrupt reduction of energy and hence a spike in ␦/␦V BG . In this scenario, a single spike corresponds to a many-electron charging event, rather than a single-electron charging, as in previous scenarios. 19 Control of spatiotemporal chaos is one of the central problems of nonlinear dynamics. We report on suppression of chemical turbulence by global delayed feedback using, as an example, catalytic carbon monoxide oxidation on a platinum (110) single-crystal surface and carbon monoxide partial pressure as the controlled feedback variable. When feedback intensity was increased, spiralwave turbulence was transformed into new intermittent chaotic regimes with cascades of reproducing and annihilating local structures on the background of uniform oscillations. The global feedback further led to the development of cluster patterns and standing waves and to the stabilization of uniform oscillations. These findings are reproduced by theoretical simulations.
Control theory was originally developed for military and industrial applications, with the task of stabilizing missile trajectories or the course of technological processes (1, 2) . Similar approaches are used today to steer elementary physical and chemical systems with chaotic dynamics. To control a chaotic system, its behavior is monitored and subsequent corrective perturbations needed to stabilize a chosen unstable orbit are computed. However, such exact methods (3) require substantial real-time computations and become impractical for the control of fast processes and large systems. An alternative is provided by empirical methods involving delayed feedback [see, e.g., (4)]. To realize such a feedback, a monitored variable is taken with a fixed time delay and used to generate a control signal that acts back on the system by changing one of its parameters. A feedback is global if the control signal represents a sum of contributions coming from many parts of the system. Various forms of delayed feedback have been discussed in optics, to suppress spatiotemporal instabilities in lasers (5) (6) (7) . Further examples of global feedback control include suppression of plasma instabilities in gas discharges (8) and effects of charge transport in semiconductors (9) . Stabilization of unstable stationary states by delayed feedback in a stirred chemical reactor has also been experimentally demonstrated (10) . In addition to its control function, global feedback can also be used to modify spatiotemporal pattern formation and produce new kinds of patterns. In reactions of heterogeneous catalysis, some global feedback through the gas phase is intrinsically present and influences pattern formation (11) (12) (13) (14) . In experiments with artificial global nondelayed feedback in the photosensitive oscillatory Belousov-Zhabotinsky (BZ) reaction (15) , formation of spatial clusters has been observed [similar patterns in this reaction are also found under external periodic forcing (16) ].
Here we focus on experimental and theoretical investigations of the effect of global delayed feedback on chemical turbulence. In oscillatory reaction-diffusion systems, this form of turbulence results from the difference in diffusion constants of reactants. If this difference is sufficiently large, uniform kinetic oscillations may become unstable and spatiotemporal chaos sets in (17) . In the developed turbulent state, both the amplitude and the phase of local concentration oscillations are strongly fluctuating. A characteristic property of such turbulence is spontaneous creation of multiple rotating spiral waves. This diffusion-induced turbulence is typical for oscillatory surface chemical reactions (18, 19) and has also been observed under special conditions in the BZ reaction (20). On the basis of theoretical investigations of a general mathematical model, it was previously suggested (21, 22) that this form of turbulence can be suppressed by application of an appropriate global delayed feedback and that the feedback can also produce new kinds of spatiotemporal patterns. Here, we demonstrate the operation of global delayed feedback in an experiment with catalytic oxidation of CO on platinum.
In contrast to other oscillatory chemical reactions, the mechanism of CO oxidation on Pt(110) is relatively simple (19) . Molecules of CO and O 2 adsorb from the gas phase on the catalytic metal surface (the adsorption of O 2 is Abteilung Physikalische Chemie, Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany.
*To whom correspondence should be addressed. Email: rotermun@fhi-berlin.mpg.de dissociative). Adsorbed CO molecules diffuse and react with O to produce CO 2 , and subsequently CO 2 desorbs from the surface. An interplay of reaction, lateral diffusion of reactants, and adsorbate-induced surface reconstruction (affecting adsorption kinetics of oxygen) gives rise to various two-dimensional (2D) concentration patterns that can be directly imaged with electron or optical microscopy methods (23, 24). The observed reaction-diffusion patterns are highly sensitive to the partial pressures of CO and O 2 in the gas phase (p CO and p O 2 ).
In our experiments, the Pt(110) single-crystal sample was kept in an ultrahigh-vacuum (UHV) apparatus (25). Gas supplies for CO and O 2 , as well as pressure gauges, allowed for controlled dosing of reactants into the UHV chamber. A photoemission electron microscope (PEEM) was used to continuously image lateral distributions of adsorbed species on part of the surface through their respective work-function differences (26). The PEEM monitored pattern formation inside the observation window. Hence, we could introduce a feedback by making the instantaneous dosing rate of CO dependent on real-time properties of the imaged concentration patterns.
The electronic signal controlling the dosing rate of CO was generated by integrating the PEEM intensity over the whole image after a delay by a constant time d . The variation of the partial pressure of CO in the chamber followed the temporal modulation of the dosing rate with an additional delay determined by the residence time of gases in the pumped chamber. Thus, a controlled global feedback was introduced, such that p CO (t) ϭ p 0 ϩ [I(t Ϫ ) Ϫ I 0 ], where t is time, is the effective delay time, I is the integral PEEM image intensity inside the observation window, p 0 and I 0 are the partial CO pressure and the average base level of the integral PEEM image intensity in the absence of feedback, and the coefficient determines the feedback intensity (27).
In the experiments, the reaction parameters were chosen in such a way that, in the absence of feedback, the CO oxidation reaction was in the oscillatory regime. Uniform oscillations were, however, unstable, and spontaneous formation of spiral waves was observed. Such spiral waves were repeatedly undergoing breakups, leading to a complex pattern of chemical turbulence. Starting from this regime, global feedback of a fixed intensity was applied in our experiments. Figure 1A shows its effect on the spiral-wave turbulence. The three frames (top row) present PEEM images taken at three subsequent times. The space-time diagram (middle row) displays the temporal evolution of the pattern in the cross section along the line ab, indicated in the first frame. Below, the horizontal bar displays p CO (t) in the reaction chamber (black line) and the total PEEM intensity (red line) during the experiment. Initially, p CO is almost constant, but then pressure oscillations start to grow and reach an amplitude of about 10%. As the global feedback becomes more efficient, spiral-wave turbulence is gradually suppressed, and eventually uniform reaction oscillations set in.
Depending on the reaction and feedback parameters, the feedback does not transform spiral-wave turbulence to stable uniform oscillations, but leads to the formation of new spatiotemporal patterns (Fig. 1, B to D) . One of the typical observed regimes, which can be characterized as intermittent chemical turbulence (Fig.  1B) , started as a dark, uniform state that then developed small, brighter spots at random locations. When the spots reached a certain size, darker regions developed in the middle of such structures and they transformed into a set of expanding "bubbles." After some time, the whole pattern faded away and was replaced by the uniform dark state, after which the entire cycle was repeated. To illustrate the temporal evolution of the pattern, we also show the space-time diagram along the line ab. Expanding bubbles are represented by triangular structures in this cross section. Examining the diagram, we note that the bubbles could die and reproduce. The bubbles reproduce until many of them are found. Then, massive annihilation occurs and only a few bubbles survive. Thus, an irregular behavior of repeated reproduction is observed. The variation of p CO was rigidly correlated with the evolution cycles of the pattern, and p CO followed, at a fixed delay, the variation of the integral PEEM intensity.
Phase clusters are shown in Fig. 1C . In this regime, the surface divided into several large domains in which oscillations were shifted by half a period. The pattern was stable and corresponded to periodic oscillations of p CO . This regime is similar to the phase clusters previously observed in experiments with the light-sensitive BZ reaction under periodic forcing (16) and global feedback (15) . The difference is that local oscillations are period-doubled and the shape of the clusters undergoes weak periodic variation.
Standing waves are displayed in Fig. 1D . In this pattern, bright stripes repeatedly developed from the dark uniform state. The space-time diagram in Fig. 1D shows that the locations of stripes at the next cycle are shifted, and a new stripe develops in the middle between the two stripes seen in the previous cycle. The evolution cycles of the pattern are rigidly correlated with the periodic variation of p CO in the chamber. Standing waves with such properties can also be observed in this reaction in the absence of artificial global feedback when intrinsic global gas coupling is active (14, 18) .
A series of experiments was further performed where the feedback intensity was kept constant and only the delay time was varied (28). The effect of the feedback was sensitive to the delay and, by changing only this parameter, both synchronization and desynchronization of oscillations could be achieved. Moreover, new kinds of patterns, such as localized spiral waves and oscillating cellular structures, were observed with variation of the delay time.
Pattern formation in the CO oxidation reaction on Pt(110) is well described by mathematical models (14, 29, 30) . We have found that even a simplified theoretical model predicts the principal effects of the global feedback. The model consists of three equations for the variables u, v, and w that represent, respectively, the CO and oxygen surface coverages and the local fraction of the surface area found in the nonreconstructed structure:
The global feedback is introduced assuming that p CO is determined as p CO 
by the spatially averaged CO coverage u av (t) at a delayed time t Ϫ .
[The description is a rough simplification because the PEEM intensity actually used in the experiment to compute the control signal is a nonlinear function of both the CO and oxygen coverages, and its form is not exactly known; see (24).] We do not include in the model the weak intrinsic global coupling through the gas phase, because at the relatively high feedback intensities considered here, its effects are negligible. The parameters of the model were chosen in such a way that, in the absence of the feedback, uniform oscillations were unstable and chemical turbulence was observed. By varying the feedback intensity and the delay time, we found that turbulence could be suppressed and new patterns could be induced by the feedback. Two examples of simulated 1D patterns are shown in Fig. 2, A and B . The properties of the computed cluster patterns ( Fig.  2A) are in good agreement with those observed in the experiments, and period doubling of local oscillations is well reproduced. To model standing waves such as those observed, the formation of subsurface oxygen should additionally be taken into account [compare with (14) ]. Figure  2B shows an example of a simulation of intermittent turbulence. The cascades of reproducing and annihilating local structures are clearly seen.
To interpret this result, we show in Fig. 2C a simulation of intermittent turbulence in the complex Ginzburg-Landau equation (CGLE) with global phase-shifted feedback that was previously proposed and investigated by us (21). The CGLE is a general model that describes the behavior of reaction-diffusion systems near onset of self-oscillations, while they remain approximately harmonical. Figure 2C displays the local modulus of the oscillation amplitude in the developing 1D pattern. The turbulent cascades are formed by pairs of amplitude defects (i.e., small regions with greatly decreased oscillation amplitude) that reproduce, annihilate, and travel on the background of almost uniform oscillations. For the respective 2D CGLE with global feedback, the emerging pairs of amplitude defects correspond to growing "bubble" structures (22). Such a pattern of intermittent turbulence agrees with theoretical descriptions (31). Related theoretical models of spatiotemporal intermittency have been analyzed (32).
Thus, our experimental and theoretical investigations indicate that global delayed feedback (through the gas phase) can be used efficiently to control microscopic pattern formation in a surface chemical reaction. In this study, we have focused on chemical turbulence and have demonstrated that it can be completely or partially suppressed by the feedback, giving rise to stable uniform oscillations, intermittent regimes with reproduction cascades of amplitude defects, or regular patterns of clusters and standing waves. Similar effects are expected for other reactiondiffusion systems of different origins. Force microscopy has been used to quantitatively measure the infinitesimal forces that characterize interactions between Shewanella oneidensis (a dissimilatory metal-reducing bacterium) and goethite (␣-FeOOH), both commonly found in Earth near-surface environments. Force measurements with subnanonewton resolution were made in real time with living cells under aerobic and anaerobic solutions as a function of the distance, in nanometers, between a cell and the mineral surface. Energy values [in attojoules (10 Ϫ18 joules)] derived from these measurements show that the affinity between S. oneidensis and goethite rapidly increases by two to five times under anaerobic conditions in which electron transfer from bacterium to mineral is expected. Specific signatures in the force curves suggest that a 150-kilodalton putative iron reductase is mobilized within the outer membrane of S. oneidensis and specifically interacts with the goethite surface to facilitate the electron transfer process.
The Fe(II)-Fe(III) redox cycle represents a major energy flux at Earth's surface. A critical component of this system is the reduction of iron-containing minerals by biological processes (1, 2) . Shewanella-a Gram-negative, dissimilatory metal-reducing bacterium found in soils, sediments, surface waters, and ground waters-is able to conserve energy for growth by using oxygen or ferric iron as a terminal electron acceptor (3, 4) . In many natural environments, oxygen is in limited supply, but Fe(III) is present as a major element in the crystal structure of minerals. Hence, dissimilatory metal-reducing bacteria often oxidize various carbon substrates by reductively dissolving Fe(III)-containing minerals, the most ubiquitous in the nearsurface environments being iron oxyhydroxides (such as ferrihydrite, goethite, and hematite) (5) (6) (7) (8) (9) (10) (11) (12) . This affects a wide array of processes, including the biogeochemical cycle of iron and phosphorus, the oxidation of natural and anthropogenic carbon sources, biocorrosion, and the release of heavy metals associated with iron oxyhydroxides.
The dissimilatory reduction of iron-containing minerals presents a rather unique situation because, unlike oxygen, Fe(III) in a solid form cannot diffuse across the cell wall to the plasma membrane which, in most bacteria, houses the proteins involved in electron transfer, proton translocation, and the subsequent generation of adenosine triphosphate. Microorganisms like Shewanella may be able to generate two energized membranes using a unique system of proteins that shuttle electrons from an energy source in the cytoplasm, across the plasma membrane and periplasmic space, to the outer membrane (13, 14) . Once in the outer membrane, iron reductases appear to transfer electrons directly to Fe(III) in the crystal structure of minerals, causing a weakening of the ironoxygen bond and reductive dissolution of the mineral (6, 15-18) . A great deal of research has focused independently on either the microbiological or mineralogical aspects of the interaction between Shewanella and iron oxyhydroxides. However, few studies have been conducted on the interface between the bacterium and iron-containing minerals. It is this interface, delineated by chemical and structural features on the surface of the organism (such as concentration and localization of cytochromes and reductases and the physical structure of the outer membrane) and the mineral surface (such as density and coordination of iron-oxide moieties, surface microtopography, and crystallographic orientation), which probably has a major impact on the kinetics and extent of bacterial reduction of Fe(III) minerals.
We used biological force microscopy (19, 20) to probe the interface between a living cell of Shewanella oneidensis, formerly classified as S. putrefaciens MR-1 (21), and the (010) surfaces of goethite (␣-FeOOH) and diaspore (␣-AlOOH, which is isostructural with goethite and has surface properties such as charge and hydrophobicity that are similar to those of goethite) at the nanoscale level in anaerobic and aerobic solutions. S. oneidensis was grown under anaerobic conditions using lactate as the carbon and energy source and Fe(III)-citrate as the electron acceptor (22). To preserve the natural, complex biomolecular network on the surface of the bacteria, fully functional cells (measuring 0.5 by 2 m) were linked in their native state to a small bead (radius 5 m) situated on the end of a silicon nitride cantilever thereby creating a biologically active force probe (23). A commercial force microscope (NanoScope IIIa Multimode scanning probe microscope, Digital Instruments, Santa Barbara, CA) was used to measure the deflection of a biologically active force probe by reflecting a laser off the top of the cantilever and into a photodiode detector while an oriented mineral crystal, mounted on a piezoelectric scanner, was translated toward (generating approach data), made contact with, and was subsequently retracted from (generating retraction data) a bacterium on the probe (24). Photodiode response (in volts) was converted to cantilever deflection (in meters) using a conversion factor (in meters per volt) determined from the photodiode shift voltage (25). Cantilever deflection was multiplied by the cantilever spring constant [k sp ϭ 0.07 N m
